Ferromagnetic MnAs thin films grown on GaAs ͑001͒ substrates by molecular-beam epitaxy have been studied by the methods of grazing incidence x-ray scattering, x-ray diffraction, and extended x-ray-absorption fine structure. Microstructures in two films prepared with different first-layer growth conditions ͑template effects͒ are compared in terms of the interfacial roughness in the layer structure, lattice constants, epilayer thickness, local environment surrounding the Mn atoms, coordination number, and local disorder. Our results indicate that the template effects can cause significant differences in the local structures and crystallinity of the MnAs epitaxial layers.
I. INTRODUCTION
Heterostructures consisting of magnetic thin films grown on III-V semiconductors are potentially important for the development of new magnetic materials and for the integration of magnetic and electronic devices. Recent progress in the molecular-beam-epitaxy ͑MBE͒ technique has already demonstrated that compounds such as MnAl, MnGa, and MnAs can indeed be grown on III-V substrates such as GaAs and InAs, [1] [2] [3] [4] [5] and the resultant heterostructures grown by MBE are thermodynamically and morphologically stable. In each case, the epilayer shares a common element with the underlying III-V semiconductor. Of particular interest is the growth of MnAs on GaAs, which is compatible with the existing III-V layer structures processing techniques, thus, it could afford some unprecedented opportunities for the development of new magnetic semiconductors for device applications.
A physical understanding of the MBE growth of MnAs ͑hexagonal structure͒ on GaAs ͑zinc-blende structure͒ can pose a challenge for understanding the dynamical processes which actually control the growth of heterostructures consisting of dissimilar materials with different lattice structures. It has been shown that the growth direction and the final crystalline structure of MnAs depend crucially on the surface stoichiometry, i.e., the growth condition for the first few monolayers during epitaxy, a template effect. 4 -6 Depending on the growth condition of the first few layers, whether the template is formed by covering the GaAs substrate with As or Mn, different orientations of the MnAs epilayer will result. This template effect, which is expected to arise from the influence of the local structures, will naturally play a pivotal role in affecting the underlying physical properties such as the direction of easy magnetization and also the material quality of the heterostructure.
For an understanding of the template effect it would seem important to investigate the variations in the local structures around the constituent atoms as well as the interface morphology with epilayers grown on different templates. The techniques of grazing incidence x-ray scattering ͑GIXS͒ and extended x-ray-absorption fine structure ͑EX-AFS͒ are well suited for this purpose. In the present work, we have applied both GIXS and EXAFS in conjunction with x-ray diffraction ͑XRD͒ to a study of the microstructures of two ferromagnetic MnAs films grown on GaAs ͑001͒ by MBE. The results obtained with two different template conditions are compared quantitatively in terms of the interfacial roughness in the layer structure, lattice constants, epilayer thickness, local environment surrounding the Mn atoms, coordination number, and local disorder. As expected, our data show that the template effect can cause significant differences in the local structures and crystallinity of the MnAs films.
II. EXPERIMENT
MnAs thin films MBE grown on GaAs ͑001͒ with two different templates 4, 5 ͑termed type A and B͒ were studied. For the type-A sample, As 2 flux was first supplied on the GaAs ͑001͒ surface at 200°C for 1-2 min to form an As first layer. The growth direction is ͓1100͔, the structure in the layer plane is such that MnAs ͓1120͔//GaAs͓110͔ and MnAs ͓0001͔//GaAs͓110͔. On the other hand, 1 monolayer of Mn was first deposited on the GaAs ͑001͒ surface at 200-220°C for type B. In the latter case, the epilayer grows in both the ͓1101͔ and ͓1102͔ directions; the structure in the layer plane is such that MnAs ͓1120͔//GaAs͓110͔ and MnAs ͓1102͔// GaAs͓110͔. The epitaxial growth of MnAs for both samples was 50 nm/h, monitored by reflection high-energy electron diffraction ͑RHEED͒. 4 The GIXS, EXAFS, and diffraction experiments were all carried out at beamline X3B1, National Synchrotron Light Source ͑NSLS͒. In GIXS and XRD, an x-ray beam from the NSLS storage ring was monochromatized by a Si͑111͒ double-crystal monochromator and collimated by a set of slits. The intensity of incident x-ray beam was monitored by a nitrogen-flowing ionization chamber and scattered x ray was measured by a Na I scintillation detector with a slit in front of it to define the angular resolution. The sample and the detector were mounted on a two-circle goniometer with 0.001°precision. The energy of the incident x-ray beam was set at 10 keV throughout the scattering experiments. In the EXAFS measurements around the Mn K-absorption edge, the ͓1120͔ axis of MnAs was aligned with the electric-field direction of the incident radiation for both samples. EXAFS spectra were obtained in the fluorescence mode using an energy-dispersive solid-state Si͑Li͒ detector ͑with an energy resolution of 165 eV at the Mn K␣ fluorescence͒. A bulk MnAs was used as a reference material for EXAFS analysis. Details of the experimental setups and methods for data analysis have been reported elsewhere. 7, 8 
III. RESULTS AND DISCUSSION

A. Grazing incidence x-ray scattering
Specular reflection and longitudinal diffuse scattering ͑LDS͒ were measured as a function of the grazing incidence angle. The specular reflectivity data of two MnAs films, corrected after subtracting out the LDS background, are shown in Fig. 1 ͑circles͒. The fine-line curve underneath each corrected specular reflectivity curve is the LDS result obtained by offsetting the detector at an angle 0.1°from the specular reflection direction. All curves shown in Fig. 1 have been shifted vertically for the sake of clarity.
The specular reflectivity curves were analyzed by comparison with calculations based on a modified Fresnel's law 7,9-12 taking into account the effect of interfacial roughness. The root-mean-square ͑rms͒ interfacial roughness is characterized with a simple parameter by assuming a Gaussian distribution of the interfacial height fluctuations from an ideal planar boundary. Results of our theoretical calculations which fit the specular reflectivity data are also shown in Fig. 1 ͑coarse lines͒. For each case, five parameters were needed to fit the experimental curve, viz, the MnAs epilayer thickness D 1 , the thickness of a thin As or Mn ͑tem-plate͒ layer between the MnAs film and the GaAs substrate, the roughness parameters 0 , 1 , and 2 for the top surface, the MnAs/As͑or Mn͒ interface, and the As͑or Mn͒/GaAs interface, respectively. Parameters used in our calculations are listed in Table I Sample
From the oscillation patterns shown in Fig. 1 and the parameter values given in Table I it can be seen that the type-A MnAs film ͑sample MT199͒ clearly has a superior quality. The roughness parameters for both the top surface and the first interface ͑between MnAs and the template͒ are much lower in type A than those in type B ͑MT201͒, although the interfacial roughness between the template and substrate is practically the same in both cases. Thus, the template effects 4 -6 not only determine the growth direction of MnAs, but also strongly influence the microstructures of the interfaces. The underlying effect of the template appears to result in a reconstruction of the surface atomic arrangement, depending on whether the GaAs substrate is at first As or Mn conditioned prior to the epitaxial growth of MnAs. The interaction of As or Mn with the surface potential of GaAs is responsible for a considerable difference in the compatibility between the compound MnAs epilayer and the template.
In addition, another useful information about the interfacial roughness in these heterostructures can be obtained from the LDS results. As shown in Fig. 1 , the LDS curves for the two samples both show an oscillation pattern similar to that of the respective specular reflectivity. From a theoretical analysis, 7, 12 this provides a rather unique indication of conformality of the interfacial roughness between the top and bottom of the MnAs epilayer in both samples. Hence the interfacial roughness is mainly dominated by the microstructures on the template, and it propagates along the growth direction through the MnAs epilayer during the MBE process.
The type-A sample exhibits more pronounced oscillations than type B, which is consistent with the smoother interfaces in the type-A sample. The frequency of oscillations is primarily determined by the layer thickness. A beating effect can be observed in MT199, as a result of two sets of oscillations arising from two different layer thicknesses of the MnAs film and the As template. There are 11 oscillation peaks between two successive beats, also consistent with the   FIG. 3 . ͑a͒ Experimental EXAFS spectra k ͑fine lines͒ compared with theoretical calculations ͑coarse lines͒ based on the parameters listed in Table  IV . ͑b͒ Magnitude of Fourier transform of experimental k ͑fine lines͒ compared with theoretical calculations ͑coarse lines͒. Table I .
B. X-ray diffraction
Our results of x-ray diffraction are shown in Fig. 2 . The GaAs substrate ͑002͒ peak is found in the type-B sample ͓see Fig. 2͑a͔͒ , and the GaAs ͑004͒ peak is observed in both type-A and -B samples ͓see Fig. 2͑b͔͒ . These patterns indicate that the growth direction of MnAs is along ͓1100͔ for type A, and along ͓1101͔ for type B, the lattice constants are same as for unstrained bulk MnAs, 13 within our experimental uncertainty. These epilayers are therefore fully relaxed and both show a high degree of crystallinity. This reconfirms the results of an earlier experiment on these MnAs epilayers by Tanaka et al. 4, 5 The oscillations in the diffraction pattern can also provide information on the thickness of the MnAs layers. The thickness value obtained this way actually yields the crystalline size in the growth direction. Calculation ͓coarse lines in Fig. 2͑a͔͒ based on standard diffraction theory 14 gives a good fit to the experimental data, from which the layer thickness can be derived. The lattice constants and thickness values determined from our XRD measurements are listed in Table  II . It is interesting to compare the thickness determined from these oscillatory diffraction patterns, which gives a characteristic length of homogeneous atomic structure, with the thickness determined from GIXS which gives a length of constant electron density. For the type-A MnAs epilayer ͑MT199͒, its thickness is 350Ϯ10 Å obtained from GIXS and 351Ϯ8 Å deduced from the XRD data. This close agreement between thickness values derived from two different methods indicates that a good crystalline structure exists throughout this film. On the other hand, a discrepancy is found in a type-B sample ͑MT201͒ for the thickness deduced from GIXS ͑348Ϯ15 Å͒ and that from XRD ͑364Ϯ14 Å͒, most probably caused by the presence of an additional epitaxial plane grown along the direction ͓1102͔ of MnAs in the type-B sample. 
C. Extended x-ray-absorption fine structure
We have performed Mn K-edge EXAFS 15, 16 measurements of both the type-A ͑MT199͒ and type-B ͑MT201͒ MnAs epilayers using linearly polarized x rays with the electric field along the ͓1120͔ direction. The result was compared with that of a bulk MnAs which also served as a standard compound for EXAFS data analysis. Although the crystalline structure of both epilayers is confirmed by the XRD experiments, the EXAFS data can provide additional information about the local structure and disorder which cannot be obtained from XRD. Standard EXAFS analysis techniques and published tables [15] [16] [17] [18] [19] were used for data reduction with the help of an FEFF software 17 program. To facilitate the EXAFS analysis for the crystalline MnAs layers, we have first constructed Table III which shows the bond lengths R and effective coordination numbers N* expected for a single-crystal MnAs with its ͓1120͔ axis parallel to the x-ray electric field. The effective coordination number N* is equal to 3N cos 2 , where N is the actual coordination number and is the angle between the electric field and the bond length to be determined. For a polycrystalline MnAs, N* is equal to N after angular average. The final EXAFS spectra after background removal are shown in Fig. 3͑a͒ , and the corresponding Fourier transforms are shown in Fig. 3͑b͒ . Following the standard procedures, [15] [16] [17] the experimental EXAFS results are fitted with model calculations ͑solid lines͒; the final structural and disorder parameters used to obtain the fits are listed in ͑N* is zero͒ for the two second-neighbor Mn atoms at 2.85 Å. An ''anatomy'' of the partial EXAFS contribution due to each observable neighboring shell from the central x-rayabsorbing Mn atom is presented in Fig. 4 . From a comparison of the EXAFS data between the epilayer and bulk MnAs given in Table IV , our results indicate that the nearest-neighbor Mn-As bond length and coordination number both decrease slightly in the thin films. Both epilayers suffer an increased local disorder in the nearneighbor bonds in comparison with the bulk material. This is in principle expected. In particular, it should be noted that the six Mn-Mn bonds ͑around 3.71 Å͒ of the regular hexagon in the basal plane show a very large local disorder of same magnitude in both samples. Although this large local disorder appears to be a natural consequence for epitaxial growth of a hexagonal structure on substrates with a different lattice, our results suggest that such a local bond length fluctuation seems to be independent of the growth direction of MnAs. This bond length fluctuation could cause a deterioration of the quality of the MnAs epilayers.
IV. CONCLUSION
We have performed x-ray-scattering, diffraction, and EXAFS measurements of MnAs epilayers grown on GaAs ͑001͒ surface with two different templates. The microstructural parameters exhibit significant differences for the two types of thin layers studied in the present experiment. Our results show that the type-A epilayer grown with an Asconditioned substrate has a superior quality of interfacial roughness than type-B ͑Mn-conditioned substrate͒, and the roughness at the top and bottom interfaces of MnAs is ''conformal'' in both cases, i.e., highly correlated interfacial roughness, an evidence indicating the important influence of substrate surface morphology. Both films show high degree of crystallinity along their respective growth direction, and the measured lattice parameter shows no interfacial strain, hence, both epilayers have already well exceeded their respective critical thickness and fully relaxed. Single-crystal structure of the MnAs epilayers is also confirmed by our polarized EXAFS studies, however, a large but similar local disorder of the Mn-Mn bonds in the hexagonal basal plane is found for both types of films. 
